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Synthesis of Block, Graft and Star Polymers
from Inorganic Macroinitiators
Krzysztof Matyjaszewski,* Peter J. Miller, Eric Fossum and Yoshiki Nakagawa
Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, PA 15213, USA
Recent advances in the synthesis of block, graft
and star polymers containing inorganic macro-
molecular species are described. Anionic copo-
lymerization techniques were used in the for-
mation of diblock copolymers of poly(styrene-
block-methylphenylsilylene) and poly(isoprene-
block-methylphenylsilylene) by the ring-opening
polymerization of 1,2,3,4-tetramethyl-1,2,3,4-
tetraphenylcyclotetrasilane initiated by living
anionic polystyrene and isoprene respectively.
Hydrosilation of an attachable initiator onto
telechelic vinyl- or hydrosilyl-terminal or
-pendant poly(dimethylsiloxane) (PDMS)
yielded a PDMS macroinitiator. This macro-
initiator was used in atom transfer radical
polymerization (ATRP) of styrene and isobornyl
acrylate to produce ABA triblock copolymers.
As a model for graft copolymers from a
polyphosphazene backbone, chemical trans-
formation of hexachlorocyclotriphosphazene
resulted in hexafunctional molecules containing
either benzyl bromide or bromopropionyl moi-
eties. The initiator 1,1,3,3,5,5-hexakis[4-(2-
bromopropionyloxymethyl)phenoxy]cyclotri-
phosphazene was used in the ATRP of styrene to
yield a polymer with a narrow, monomodal
molecular weight distribution. Chain extension
of this star polymer with isobornyl acrylate is
also described.# 1998 John Wiley & Sons, Ltd.
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ization
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INTRODUCTION
One of the most important elements in the
production of copolymers is control over the
polymerization reaction. If the process can be
manipulated so that the number of growing chains
is constant and that chain transfer or termination
reactions are avoided (or eliminated), then the
functional group at the polymer terminus will be
conserved, allowing for additional chemistry to
take place. Such transformation reactions can result
in production of a macroinitiator which can initiate
polymerization of a different monomer, thereby
producing block copolymers. If a difunctional
initiator is used, the same technique can be applied
toward triblock copolymers. Furthermore, use of a
functional group on a monomer in conjunction with
another monomer in a statistical copolymerization
results in pendant species which can be transformed
to initiate polymerization toward graft copolymers.
With such techniques the combinations and archi-
tectures of the copolymers can be tailored to yield
materials with properties that meet particular needs.
Of particular interest are copolymers that contain
an inorganic block. Inorganic polymers generally
possess properties that are different from carbon-
based polymers.1 The desire to produce block and
graft copolymers from inorganic and organic blocks
is generally pursued to exploit the best properties of
the individual materials and generate new classes of
compounds. For example, polysilylenes (polysi-
lanes) possess unique electronic and optical proper-
ties due tos-bond delocalization along the silicon
backbone, giving them potential applications in
electronics and reprographics. Another example is
polysiloxanes, which possess high oxygen perme-
ability and favorable water and weather resistance.
Finally, polyphosphazenes have a broad range of
physical properties leading to applications in
biomedicine as well as flame retardance based on
the substituents bonded to phosphorus.
For carbon-based vinyl monomers, controlled
polymerization has traditionally been achieved by
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ionic mechanisms.2 Forexample,theliving anionic




limited to a rathernarrowclassof monomersunder
conditionsof the moststringentpurity. Therefore,
the desire to develop a controlled free radical
polymerizationsystemhasdriven researchin the
areafor thelastdecade.Oneresultof this hasbeen
atom transfer radical polymerization (ATRP).3,4
When an activatedalkyl halide is stirred with a
vinyl monomerin thepresenceof acoppercatalyst,
well-definedpolymersareobtainedwith predeter-
minedfunctionality andmolecularweight,making
them ideal for the synthesis of a variety of
copolymers. The key to control is a rapid
equilibrium betweenactiveanddormantpropagat-
ing species.Maintenanceof a low steady-state
concentrationof radicalsensuresthat termination
reactionsare limited to nearly insignificantvalues
until very high monomerconversionsareattained.
So far, ATRP has beendemonstratedto provide
controlled polymerizationsof monomerssuch as
styrenes,5–8 acrylates,4 methacrylates3,9,10 and ac-
rylonitrile.11
In thispaperwediscussrecentadvancesmadein
our laboratory to producenovel copolymersand
architecturesbasedon theunionbetweeninorganic
andorganicmacromolecularspecies.As the paper
shows, the two primary synthetic methods are
living anionicpolymerizationandATRP.
DISCUSSION
Block copolymers of polysilanes
with vinyl-based polymers
The most common method of producing poly-
silanes,the Wurtz reductivecoupling of dichlor-
osilaneswith alkali metals,12 doesnot providethe
control over the polymerization necessaryfor
functionalization of the chain-endtoward block
copolymers.Using this mode of synthesis,sub-
stitution reactions on the phenyl rings of poly
(methylphenylsilylene)(PMPS)hasresultedin graft
copolymerswith poly(tetrahydrofuran)and poly
Scheme1 Synthesisof block copolymersof PMPSwith styrene(top) and isoprene(bottom) by anionic ring-opening
polymerization.
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(methylmethacrylate).13 To datethebestmethodof
controlledpolymerizationof polysilaneshasbeen
the anionic ring-openingpolymerizationof 1,2,3,4-
tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane.14
Using this technique, the synthesis of block
copolymersof PMPSwith organic-basedpolymers
is illustrated in Scheme1 for styrene and iso-
prene.15 In thepolymerizationstheorganicblock is
polymerized first, since those processesobey
‘living’ characteristics.No transformationof the
activesite is necessaryin the reactionssinceboth
polystyryl-lithium and polyisoprenyl-lithium will
initiate ring openingof the cyclotetrasilane.How-
ever,in benzenethe resultingsilyl-lithium species
existsasa tight ion pair and,asa result,doesnot
possesssufficient nucleophilicity to open subse-
quent silicon rings. The presenceof 12-crown-4
generatesa looseion pair anda morereactivesilyl
anion which facilitates ring-openingpolymeriza-
tion of the remainingcyclotetrasilanes. In both of
the polymerizations,addition of the cyclotetrasi-
lane and crown etherto a solution of the organic
polymer resulted in a clean shift of the size-
exclusionchromatography(SEC) trace to higher-
molecular-weightwith only a small tail toward
lower-molecular-weightspecies.This indicatesthat
theefficiencyof initiation of thefirst block toward
thesecondis quitehigh,e.g.greaterthan70%in the
Table 1 Molecular-weightdatafor block copolymerscontainingpolysilanesandvinyl-basedcarbonmonomers
Entry Type A Mn,A
a Mw/Mn B Mn,tot
a Mw/Mn
1 AB Styrene 2400 1.06 (MePhSi)4
b 13,900 1.34
2 AB Styrene 4700 1.05 (MePhSi)4 9700 1.31
3 AB Styrene 5400 1.05 (MePhSi)4 26,400 1.24
4 AB Isoprene 3680 1.13 (MePhSi)4 13,360 1.31
a SECrelativeto polystyrenestandards.
b 1,2,3,4-Tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane.
Scheme2 Generalmethodof synthesisof PDMSblock copolymersusingATRP.
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caseof polystyrene.Examplesof blockcopolymers
of polystyreneand polyisoprenewith PMPS are
given in Table1. The increasein polydispersityof
the block copolymerrelative to the macroinitiator
reflects the presenceof residual homopolymer
which did not participatein block copolymeriza-
tion, as well as the non-living natureof the ring-
opening polymerization of the cyclotetrasilane.
Nevertheless,precipitation of the products into
solvents selective for only one of the blocks
demonstratedthat block copolymers,ratherthana
mixture of homopolymers,hadbeenproduced.
The solid-statemorphologyof diblock copoly-
mers of polystyreneand PMPS was probed by
transmission electron microscopy (TEM) and
scanningforce microscopy(SFM).16 Microphase
separationwas confirmed by the observationof
cylindersof PMPSin a polystyrenematrix on the
TEM micrograph.Furthermore,when the block
copolymerwas placedin 1,4-dioxane(a selective
Table 2 Molecular-weightdatafor block andgraft copolymersoriginatingfrom poly(dimethylsiloxane)macroinitiators
Entry Type A Mn,A
a Mw/Mn B Mn,tot
a Mw/Mn
1 BAB PDMS 4485 1.32 Styrene 17 020 1.33
2 BAB PDMS 9800 2.29 Styrene 20 700 1.61
3 BAB PDMS 4485 1.32 Isobornylacrylate 13 610 1.64
4 A-g-Bb PDMS 6600 1.76 Styrene 14 800 2.10
a SECrelativeto polystyrenestandards.
b Graft copolymer.
Scheme3 Synthesisof macroinitiators1,1,3,3,5,5-hexakis(4-bromomethylphenoxy)cyclotriphosphazene(A) and
1,1,3,3,5,5-hexakis[4-(2-bromopropronyloxymethyl)phenoxy]cyclotriphosphazene(B).
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solventfor thestyreneblock) andcastontoa mica
surface, formation of micelles was observedby
SFM, againin confirmationof microphasesepara-
tion.




(PDMS),hasa Tg of ÿ110°C. However,dueto its
low glasstransition temperaturethe polymer is a
fluid at room temperature,making it an ideal
candidatefor modification by a block or graft
copolymerization.This techniquehasbeendemon-
strated in the block copolymerization of PDMS
with numerousmonomerssuch as styrene.17,18,19
Controloverthehomopolymerizationof PDMSon
a laboratoryscalewasachievedby theintroduction
of anionic ring-openingpolymerizationof hexa-
methylcyclotrisiloxane20andoctamethylcyclotetra-
siloxane.21 The commercial route toward PDMS
relies on the ring-opening polymerization of
octamethylcyclotetrasiloxane. Control over term-
inal chainfunctionality in this processwasbrought
aboutby additionof a terminatingagentfollowed
by fractionation of the desired polymers. In a
similar fashion,copolymerizationwith a functio-
nalizedcyclosiloxanehasresultedin PDMS with
pendantfunctionalgroups.
The generalroute toward PDMS block copoly-
mers using ATRP is illustrated in Scheme 2.
Commercially available PDMS containing either
hydrosilyl or vinyl terminal specieswas reacted
with a benzyl chloride-functionalized attachable
initiator by hydrosilationwith Karstedt’scatalyst.22
Theisolatedpolymerwasthencapableof initiating
ATRP of vinyl monomersin the presenceof a
copper chloride/4,4'-di(5-nonyl)-2,2'-bipyridine
complex.23,24 Table 2 showstypical examplesof
theATRP of styreneor isobornylacrylatefrom the
macroinitiator.Thepolymerizationproceededwith
linear first-order kinetics and molecular weight
increasedlinearly with conversionasexpectedfor
living polymerizations.The high degreeof control
associatedwith ATRP resulted in a decreased
polydispersityof the block copolymerrelative to
the macroinitiator for higher-molecular-weight




currently under investigation.The known incom-
patibility of PDMS in copolymerswith (meth)a-
crylates18 may alsobe responsiblefor problemsin
acrylatepolymerizations.
Entry4 in Table2 showstheformationof agraft
copolymerof polystyrenefrom a PDMSbackbone.
Using the methodologydescribedin Scheme2,
pendantvinyl-functionalizedPDMSwasconverted
to themacroinitiator.Whenpolystyrenewasgrown
from themacroinitiatorsby ATRP, thepolydisper-
sity increasedfrom 1.76to 2.10.Thereasonis thata
variablenumberof vinyl moietiesperchainresults
from the condensationmethod of producing the
PDMS.Hadeachchaincontainedexactlythesame
functionality, a decreasein polydispersitywould




A final example of an inorganic polymer is
polyphosphazene.Controlledpolymerizationtech-
niques have allowed the production of polypho-
sphazene/polyphosphazeneblock copolymers.25,26
There is evidencefor grafting from27 or onto28
polyphosphazenebackbonesbut noneof the work
cited so far incorporatesthe combinationof the
wide variety of monomers possible and the
manipulationof chain length that controlled free
radical polymerization provides. The traditional,
non-controlled method for the production of
polyphosphazenesi the ring-openingpolymeriza-
tion of hexachlorocyclotriphosphazene.Nucleo-
philic substitution reactionsat phosphoruswith
eitheralkoxy or aryloxy substituentsthenprovides
the desiredmaterials.Due to the vigorous poly-
merizationconditionsbranchingcanoccur,leading
to ill-definedstructureswith broadpolydispersities.
Graft copolymersproducedfrom sucha backbone
would besubjectto thesamelimitations.Changet
al. exploreda model systemwherehexachlorocy-




reaction with p-hydroxybenzaldehyde to produce
hexakis(4-formylphenoxy)cyclotriphosphazene.
This product was then reduced with sodium
borohydrideto the correspondingbenzyl alcohol.
Conversionof thehydroxyl groupwith chlorineby
means of thionyl chloride yielded hexakis(4-
chloromethylphenoxy)cyclotriphosphazene. This
material was then usedin ring-openingpolymer-
ization of oxazolineto producethe six-armedstar
polymer.29,30
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The impetusfor starpolymerswasto serveasa
modelreactionfor ATRPof graft copolymersfrom
apolyphosphazenebackbone.In our laboratory,the
Chang procedure was utilized to produce the




phosphazenewere synthesized as shown in
Schemes3(A) and (B) respectively.In Scheme
3(A) formation of the product was achievedby
brominationof the benzylgroupusingphosphorus
tribromide. The initiator was recrystallizedas a
white colorlesssolid.Attachmentof thebromopro-
pionyl group in Scheme3(B) was facilitated by
esterificationof thealcoholwith 2-bromopropionyl
bromide.Unlike thebenzylbromide-functionalized






was usedin the ATRP of methyl acrylate.Linear
first-order kinetics was observed. However, a
deviation from the predicted molecular weight
was found. Since a lower-molecular-weightpeak
associatedwith initiation by chain transfer to
monomer was not seen on the SEC traces, the
reasonfor the discrepancywas ascribedmore to
differencesin hydrodynamicvolumeof themethyl
acrylate star relative to the linear polystyrene
standardsusedto constructthe calibration curve.
The polymer was isolatedand usedin an ATRP
chainextensionexperimentwith isobornylacrylate.
Figure 1 showsthe SEC curvesfor the combined
experiments.Formationof the star-blockcopoly-
merwasconfirmedby progressiveincreasesof the




and BAB block copolymers were produced,
combining organic and inorganic materials.The




cyclotetrasilaneto a solutionof polystyryl-lithium
or polyisoprenyl-lithiumrespectively.By chemical
transformation techniques,vinyl- or hydrosilyl-
functionalizedpoly(dimethylsiloxane)wasmadeto
reactwith anattachableinitiator to producePDMS
containingbenzylchloridemoieties.Thesemacro-
initiators were then usedin atom transferradical
polymerizationto produceBAB triblock copoly-
merswith styreneandisobornylacrylatealongwith
graft copolymersof styrene.Finally, asamodelfor
graft copolymersfrom a polyphosphazeneback-
bone,hexafunctionalinitiators of cyclotriphospha-
zenecontainingeither bromopropionylor benzyl
bromide substituentswere synthesized.ATRP of
methyl acrylate using the initiator 1,1,3,3,5,5-
hexakis[4-(2-bromopropionyloxymethyl)phenoxy]
cyclotriphosphazeneproceeded in a controlled
fashion,yielding a polymerwith a narrow,mono-
Figure 1 SEC traces for the ATRP of methyl acrylate
followed by isobornylacrylatefrom hexakis[4(2-bromopropio-
nyloxymethyl)phenoxy]cyclotriphosphazene.Top number:Mn
(k = 103) bottomnumber:Mw/Mn.
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modal molecular-weight distribution.The purified
polymer was then chain-extendedwith isobornyl
acrylateto producea multiblock starpolymer.
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